Nature presents various protein fibers that bridge the nanometer to micrometer regimes. These structures provide inspiration for the de novo design of biomimetic assemblies, both to address difficulties in studying and understanding natural systems, and to provide routes to new biomaterials with potential applications in nanotechnology and medicine. We have designed a self-assembling fiber system, the SAFs, in which two small α-helical peptides are programmed to form a dimeric coiled coil and assemble in a controlled manner. The resulting fibers are tens of nm wide and tens of μm long, and, therefore, comprise millions of peptides to give gigadalton supramolecular structures. Here, we describe the structure of the SAFs determined to approximately 8 Å resolution using cryotransmission electron microscopy. Individual micrographs show clear ultrastructure that allowed direct interpretation of the packing of individual α-helices within the fibers, and the construction of a 3D electron density map. Furthermore, a model was derived using the cryotransmission electron microscopy data and side chains taken from a 2.3 Å X-ray crystal structure of a peptide building block incapable of forming fibers. This was validated using singleparticle analysis techniques, and was stable in prolonged molecular-dynamics simulation, confirming its structural viability. The level of self-assembly and self-organization in the SAFs is unprecedented for a designed peptide-based material, particularly for a system of considerably reduced complexity compared with natural proteins. This structural insight is a unique high-resolution description of how α-helical fibrils pack into larger protein fibers, and provides a basis for the design and engineering of future biomaterials.
Nature presents various protein fibers that bridge the nanometer to micrometer regimes. These structures provide inspiration for the de novo design of biomimetic assemblies, both to address difficulties in studying and understanding natural systems, and to provide routes to new biomaterials with potential applications in nanotechnology and medicine. We have designed a self-assembling fiber system, the SAFs, in which two small α-helical peptides are programmed to form a dimeric coiled coil and assemble in a controlled manner. The resulting fibers are tens of nm wide and tens of μm long, and, therefore, comprise millions of peptides to give gigadalton supramolecular structures. Here, we describe the structure of the SAFs determined to approximately 8 Å resolution using cryotransmission electron microscopy. Individual micrographs show clear ultrastructure that allowed direct interpretation of the packing of individual α-helices within the fibers, and the construction of a 3D electron density map. Furthermore, a model was derived using the cryotransmission electron microscopy data and side chains taken from a 2.3 Å X-ray crystal structure of a peptide building block incapable of forming fibers. This was validated using singleparticle analysis techniques, and was stable in prolonged molecular-dynamics simulation, confirming its structural viability. The level of self-assembly and self-organization in the SAFs is unprecedented for a designed peptide-based material, particularly for a system of considerably reduced complexity compared with natural proteins. This structural insight is a unique high-resolution description of how α-helical fibrils pack into larger protein fibers, and provides a basis for the design and engineering of future biomaterials.
fibrous proteins | protein design | helical reconstruction | X-ray crystallography F ilamentous proteins are ubiquitous in nature. They are found across all kingdoms of life, where they occur within cells, attached to cell surfaces, and extracellularly. They perform a wide variety of cellular functions, including giving shape, resilience, and stability to cells and tissues; acting as highways for intracellular transport; providing the machinery underpinning cell movement; and producing glutinous materials for cell attachment. Eukaryotic intracellular fibrous components-which include actin polymers, intermediate filaments, and microtubules-are amongst the best-studied examples at the structural level. In these cases, the monomeric building blocks, typically of nm dimensions and tens of kDa in mass, assemble through spontaneous or assisted processes to form fibers large enough to span cells tens of micrometers across. Some of these proteins and assemblies have yielded to structural definition at high resolution. There are X-ray crystal or electron-diffraction structures for the globular forms of actin (1) and the tubulins (2) , and molecular models for their fibrous states based on lower-resolution electron density maps derived from cryotransmission electron microscopy (cryo-TEM) images (3, 4) . Likewise, there are experimental structures for the bacterial flagella hook and filament (5, 6) . However, others have proved intractable to detailed structural studies. For example, the intermediate filaments, which are assemblies of α-helical coiled coils, remain relatively poorly described at the assembly, molecular, and atomic levels (7) (8) (9) .
From a more-applied perspective, interest in peptide-and protein-based fibrous biomaterials has increased recently because these materials have potential applications in biotechnology and synthetic biology-for example, as scaffolds for 3D cell culture, tissue engineering, and templating the assembly of functional inorganic materials (10) (11) (12) (13) . Although natural proteins can and are being used in these areas, much simpler or stripped-down systems are preferable because they reduce complexity, and potentially allow better understanding and control over the folding and assembly processes leading to fiber formation. Indeed, the past decade has witnessed a plethora of successful peptide-based designs of fibrous biomaterials encompassing dipeptides, β-hairpins, protein fragments, peptide-organic hybrids, and peptide amphiphiles, which are based mainly on β-sheet structures (12, 14) . However, no design process is complete until the structures of the components and their assemblies have been determined to high resolution to afford molecular and, ideally, atomistic descriptions. Although in silico models for several of the above systems have been presented (11, 15, 16) and structures for amyloid-like assemblies formed from small peptides are being resolved (17, 18) , there is currently no high-resolution experimental structure for a fibrous biomaterial of de novo design.
We have used an alternative protein-folding domain, the α-helical coiled coil, to design fibrous biomaterials (19) . As depicted in Fig. 1A , coiled coils comprise two or more α-helical chains that wrap, or supercoil, around one another to form extended rope-like structures. Although many of these remain as discrete structures (20) , others assemble further into supramolecular structures, as seen for example in intermediate filaments (21, 22) . Well-defined sequence-to-structure relationships for coiled coils are available, which provide a solid basis for rational protein design (23) .
We have used the understanding of coiled coils to construct a de novo designed self-assembling fiber system (SAF) (24) . In these so-called SAFs, two complementary 28-residue polypeptides combine to form a "sticky ended," parallel, dimeric coiledcoil building block of dimensions of approximately 2 by 6 nm (Fig. 1A) . These assemble to form stiff fibers of approximately 40 μm in length and, intriguingly, thicken to approximately 80 nm in diameter (Fig. 1B) . We have presented several designs on this theme (24) (25) (26) and explored the detailed mechanism of assembly (27) . Thus far, we have probed the structure of the fibers to low resolution (approximately 2 nm) by combined negative-stain TEM and X-ray fiber diffraction (26) .
These studies give the following working model for how the SAFs are structurally organized (Fig. 1A ): The sticky-ended blocks assemble end-to-end into fibrils. These fibrils are most likely extended parallel, dimeric, α-helical coiled coils, albeit interrupted every 28 residues along each chain by the end of one peptide and the start of the next. The fibrils pack hexagonally into bundles in the matured fibers. There is considerable order in both dimensions of the fibers (Fig. 1C) , which we have suggested is imparted by periodic interfibril side-chain interactions both laterally and longitudinally through the fibers (24) (25) (26) . Although this model is helpful, our understanding remains incomplete, and any further design and engineering studies of the SAFs are limited by this low-resolution model. Here, we present an 8 Å structure of the SAFs from cryo-TEM data. This was used to generate a 3D electron density map, which, together with side-chain geometry from a 2.3 Å structure for a variant of the peptide building blocks from X-ray crystallography, yielded a molecular model of the complete fiber system. This was validated using techniques developed for single-particle analysis and also molecular-dynamics simulations. Combined, these provide the only high-resolution experimentally derived structural model of a de novo designed protein-based biomaterial.
Results
Cryo-TEM Imaging. We turned to cryo-TEM to advance our structural studies of the SAFs. Cryo-TEM allows the visualization of proteins in near-native, frozen-hydrated states. First, cryoelectron tomography was performed on frozen-hydrated SAFs (Fig. S1 ). This showed that the SAFs had approximately circular cross-sections with uniform internal electron density (i.e., they are solid cylinders). Next, imaging the SAFs by cryo-TEM and without stain revealed considerable order in both fiber dimensions (width and length) ( Fig. 2A) . This is astonishing given that they are supramolecular structures containing millions of peptides held together by noncovalent forces. We estimate that the segment of fiber shown in Fig. 2A has approximately 220,000 peptides, and that intact fibers comprise of the order 30 · 10 6 peptides. Note that these calculations assume that coiled-coil fibrils are hexagonally packed solid cylinders, and that there are approximately 58 such fibrils across the fiber width, and approximately 60 coiled-coil peptides along the length of the segment in Fig. 2A .
More specifically, in unstained cryo-TEM there were lateral striations with a similar repeat distance to that seen by negative-stain TEM (Figs. 2A and 1C, respectively). The microscope was calibrated at high magnification using a catalase crystal and a sample of graphitized carbon. This allowed the striations in the cryo-TEM micrographs to be determined accurately as a 41.8 Å repeat; this was confirmed using T4 bacteriophage as an in situ standard, which has a striation spacing of 40.6 Å. As we have noted before (26) , this corresponds almost precisely to the length of each SAF peptide when configured as a coiled coil-i.e., 41.44 Å (¼28 · 1.48 Å, the rise per residue in an α-helical coiled coil). Thus, coiled-coil peptides are aligned along the long axis of the fibers as per our original design (24) and subsequent structural analyses of stained and dried fibers (26) .
Moreover, order in the other fiber dimension was also visible in the cryo-TEM images. Amongst these, there were striations with a periodicity of 18 Å parallel to the fiber long axis ( Fig. 2A , Upper). These had not been seen before, but relate to the hexagonal packing of the coiled coils as observed by wide-angle X-ray fiber diffraction (26) . It is important to note here that the images are formed from the projected electron density of the protein A B C only, so these striations are a direct visualization of the supramolecular structure of the SAFs.
Analysis of these new longitudinal striations immediately improved our model of the organization in the SAFs: Not only are the coiled-coil fibrils hexagonally packed, but they are highly aligned. In such a system, particular lattice planes are expected to become visible at specific projection angles through the fibers (i.e., at specific positions along the aligned coiled-coil supercoils) (Table S1 ). For example, the 18 Å longitudinal striations correspond to projecting through the fibrils along the [100] axis, which allowed the distance between adjacent fibrils to be determined as 20.8 Å (Fig. 2 A-C) . At different points along the fibers, other lattice planes from Table S1 are expected to be evident, provided sufficient resolution. Indeed, the resolution of our EM images was sufficient to see the [110] planes as longitudinal striations with a periodicity of 10.4 Å (Fig. 2 A, D , and E, Lower, and the other planes in Table S1 ).
Although the SAFs are 3D objects, with the above organization and alignment we reasoned that methods designed for the analysis of 2D crystals should be applicable to solve the structure of the SAFs. Initially, we focused on the [100] projection of an ultrahigh-resolution image of a SAF fiber (Fig. 3) , leaving the other regions to verify our models at a later stage. The Fourier transform of the image shown in Fig. 3A was consistent with a single lattice with reflections extending to 6 Å along the equator, and past 20 Å along the meridian (Fig. S2) . The equatorial reflections relate to the aforementioned hexagonal packing of the coiled-coil fibrils (Fig. 2) . The meridional reflections report on the coiled-coil helical and superhelical structures along the long axis of the fibers.
In fiber diffraction patterns, reflections appear along lines (layer lines). The first of these was at 125.4 Å (Fig. S2) , corresponding to the superhelical pitch of the coiled coil. However, the first meridional reflection was at 41.8 Å (i.e., one-third of the pitch), indicating that the coiled-coil fibrils comprise three heterodimeric subunits per single coiled-coil pitch, and, as such, are 3 1 helices. This second distance is the same as the length of the folded peptides (see above). This is not a coincidence, and it explains the hexagonal packing: Viewing a coiled-coil fibril along its long axis reveals that each peptide motif repeats every 120° (  Fig. S3) . This leads to repeating side chain-mediated interfibril interactions that cement the hexagonal packing, which could not be achieved with a noninteger, or indeed any other superhelix.
Image processing (28) led to a 2D electron density map that showed clear density consistent with paired α-helices in the coiled-coil fibrils (Fig. 3 B and C) . This was direct structural evidence that the SAFs assembled via dimeric coiled coils as designed. Similar density modulations from aligned α-helices within stacked coiled coils have been reported in thin sheets of myosin fragments (29) . Our map also highlighted the lateral striations (Fig. 3B) . Although the resolution of the map was not sufficient to see amino acid side chains, the positions of these striations indicated regions of increased electron density that are likely to correspond to regions of closely packed and ordered side chains. The sequences of the SAF peptides include Asp and Arg residues (Table S2) that had been designed to fall on opposite faces and at the same level in the fully folded coiled-coil fibril. These charged clusters would therefore repeat with the peptides once every 41.8 Å (i.e., one-third of the supercoil pitch). As such, they provide ideal candidates for causing the lateral striations and for mediating hexagonal packing by intercoiled-coil salt-bridge formation, as introduced above.
X-Ray Crystallography. Because the SAFs are composed of stickyended dimers that assemble to form large filaments, they are not amenable to standard X-ray crystallography. Therefore, to obtain a high-resolution structure of the building blocks, we permuted SAF-p1 to form blunt-ended dimers. This new Blunt-p1-I peptide included an iodophenylalanine residue in place of a tyrosine in the parent peptide (Table S2 ). The inclusion of iodine did not affect fibrillogenesis: A sticky-ended combination of an iodinecontaining variant of SAF-p1 (SAF-p1-I; Table S2 ) and SAF-p2a formed fibers, which were striated in precisely the same manner and with the same dimensions as the parent fibers (Fig. S4) . Although additional electron density from the iodine atoms might be expected in the EM images, this proved not to be obvious. This is possibly because these atoms are proximal to the Asp and Arg residues (Table S2) , already a region of high electron density. These data for the iodinated fibers were therefore fully consistent with our developing structural model.
The blunt-ended assembly between Blunt-p1-I and SAF-p2a was crystallized and its X-ray structure solved to 2.3 Å using experimental phasing from the anomalous signal of iodine (Table S3 ). The resulting structure showed the peptide forms a parallel, dimeric, α-helical coiled coil (Fig. S5A ), fully consistent with our original design and subsequent experiments on the SAFs (24, 27) . The pitch of this blunt-ended coiled coil was 143 Å, a value significantly higher than that returned from the cryo-TEM analysis (Fig. S5B) . As discussed below, this is interesting in terms of how the coiled-coil superhelix is remodeled within the fibers. However, because of these differences, the full X-ray crystal structure could not be used directly as a search model for the next stages of generating an electron density map and building an atomistic model for the SAFs. Nonetheless, the side-chain conformations from the X-ray crystal structure were useful in these processes.
Electron-Density Maps. Cryoelectron tomography can be used to generate 3D electron density maps of protein complexes. However, in our microscope, the cumulative electron dose required for a tomographic series showing the striations at sufficient sig- nal-to-noise, even in low-dose conditions, destroyed the fibers. Therefore, we used the processed image shown in Fig. 3 in helical reconstruction (30) (Fig. S6 and Table S4 ). The map revealed density consistent with the α-helices of a dimeric coiled coil, into which an all-atom model could readily be placed (Fig. 4) . A search model for this was generated using MAKECCSC (31), a program that builds a sequence of amino acids as a parallel coiled coil of given geometry. Because the coiled coils in the SAFs are 3 1 helices, there were 84 residues in each α-helix in one coiled-coil pitch, and, therefore, 23 turns of each α-helix. Combined with the supercoil pitch and radius, all parameters that govern coiled-coil geometry can be derived except the relative orientation of α-helices, which was set as 210°as defined as typical for natural coiled coils (31) . Coordinates for the side chains were taken from the X-ray crystal structure of the Blunt-p1-I:SAF-p2a complex, but with the iodophenylalanine replaced by the parent tyrosine. Breaks in the backbone were then added to form the correct N and C termini for the SAF-p1 and SAF-p2a peptides.
Note that we considered the possibility of fibrils comprising antiparallel coiled coils, but excluded it on the basis that: (i) This is not consistent with the above X-ray crystal structure; (ii) the pairing of asparagine residues in the hydrophobic core would be broken, leaving two orphaned and therefore destabilizing asparagines every peptide-peptide interface (24) ; and (iii) all of the designed g:e salt-bridge interactions would be broken and replaced by repulsive, like-charge interactions (g:g and e:e) (24).
This parallel coiled-coil model for the fibrils was docked as a rigid structure into the map (32) . A threshold value for the surface representation was set to enclose the volume corresponding to either 100% (net; Fig. 4A ) or 60% (solid surface; Fig. 4A ) of the mass of the protein model. The resulting fit, shown in Fig. 4B , was obtained regardless of the starting position of the search model and showed that the Arg, Asp, and proximal tyrosine residues best filled the large and prominent lobes of electron density regularly spaced on the surface of the fibrils (Fig. 4) . Again, this is consistent with these being the cause of the lateral striations and the resultant hexagonal packing. Although the direction of the coiled-coil fibrils within the map could not be unambiguously assigned through this modeling, this does not affect the positioning of this constellation of charged and aromatic residues within the envelope of electron density.
All-Atom Model. To test further the hypothesis that outwardly and oppositely facing Asp and Arg residues mediate hexagonal packing of the coiled-coil fibrils, an all-atom 3D model of the SAFs was generated (Fig. 5A) . A hexagonal array of fibrils from the above helical reconstruction was generated based on the dimensions of the lattice from cryo-TEM images ( Fig. 2 and Table S1 ), and with the fibrils in an all-parallel arrangement. The modeled interfibril interactions centered on the aforementioned Asp:Arg salt bridges (Fig. 5A) . After an equilibration period of 20 ns, the rmsd over all 25,569 backbone and side-chain atoms to the initial energy-minimized structure remained at 3 Å for the remaining 100 ns of the simulation (Fig. S7) , indicating a viable configuration for the coiled coils within assembled fibers.
Because of the unusual structure of the SAFs, neither classical electron crystallography nor single-particle analysis could be used: Electron crystallography requires thin 2D crystals and single-particle analysis requires a homogenous population of large "single" particles, whereas the SAFs are thick, 3D, heterogeneous fibrous assemblies of 3 kDa peptides.
Instead, a hybrid approach was designed so that the processed images were used as high-resolution "class-averages," which were then compared to the projected electron density of the all-atom model ( Fig. 5B and C) . The model hexagonal array of coiled coils was used to simulate an electron density map filtered to 10 Å. The electron density of the model was projected over angular steps of 5°(Movie S1) and the resulting projection images compared and aligned to the processed images output from 2dx (28) . Matching projection images and processed micrographs (shown in Fig. 5C ) illustrate the similarity between the two sets. Taking together the facts that our experimental data extend out to 6 Å and that individual α-helices are visible in both projected and processed images, we assign a conservative resolution estimate of 8 Å to the data presented herein.
Interestingly, some of the experimental images of fibers did not have lateral striations (Fig. S8 ). Using the model, however, these were shown to represent fibers that are oriented out of the imaging plane. Hence, although lateral striations are visible over the full angular range around the fiber axis, they rapidly disappear as the fiber tilts away from the horizontal. Conversely, the longitudinal striations are visible over only a narrow in-plane rotation, but are visible over a larger out-of-plane tilt because of the alignment of α-helices (Movie S1).
Finally, we made a model array with an antiparallel arrangement of coiled-coil fibrils. In contrast to the all-parallel model, projections from this model displayed similar longitudinal striations to the experimental micrographs, but none exhibited lateral striations (Fig. S9) . This indicates further that SAFs comprise parallel arrays of coiled-coil fibrils (25) .
Discussion
Using a combination of cryo-TEM, 2D-crystal image analysis, and helical reconstruction, we have generated a unique high-resolution structure of a de novo designed self-assembling peptide fiber. Cryoelectron tomography showed that the SAFs are large, solid cylinders, and not sheets or thick 2D crystals. As a consequence of this remarkable structure, neither classical electron crystallographic techniques nor single-particle analysis could be used to analyze micrographs of the SAFs. Instead, we used an approach that combined various image analysis and modeling techniques. Cryo-TEM showed that the peptides assembled to long, parallel, dimeric coiled-coil fibrils. Fourier transforms of raw images indicated that, within these fibrils, peptide heterodimers repeated three times per coiled-coil pitch, measured at 125.4 Å, and that the fibrils were ordered further, being hexagonally packed and separated by 20.8 Å. Because of this high level of order, 2D electron crystallographic techniques could be applied to increase the resolution of the raw images, which, combined with helical reconstruction, allowed the generation of a 3D electron density map. A coiled-coil model was built using the above data, together with verified aspects of the SAF design (specifically that the peptide termini are very close in space, per ref. 26 ) as well as standard parameters from known parallel, dimeric coiled coils, including the relative orientation of helices (31) and restraints on the coiled-coil radius from the distance between fibrils (coiled-coil fibrils are 20.8 Å apart, which restricts the radius to approximately 4.4 Å, typical for dimeric coiled coils). Fitting this model into the 3D electron density map confirmed that the lateral striations and hexagonal packing are caused by salt bridges between the Asp and Arg residues, which are on the surface of the coiledcoil fibrils and proximal in an extended array of fibrils. With this information, and an X-ray crystal structure of a related peptide dimer, an all-atom model for the SAFs has been generated and tested for robustness in extended molecular-dynamics simulations. Finally, the structure has been validated using an approach that combines analysis of individual micrographs using 2D crystallography and comparison of the images to projections from a 3D model (i.e., similar to single-particle analysis).
In terms of methods development, we envisage that this approach will be of use to others working on similar problems in the structural biology of fibrous systems. In relation to supramolecular peptide assembly, these unique structural insights and the recently determined assembly pathway (27) mean that the SAFs represent the best-defined, designed, peptide-based, fiber-forming system presented to date. Nonetheless, there remain open questions in this system-most notably, why the thickness of the fibers, which we show here is based on perfect hexagonal packing and would be expected to extend indefinitely, is limited. An answer to this question awaits detailed modeling, which will now be better informed by the kinetic analysis and the structural model presented herein.
In addition, a key finding of our work is that coiled-coil fibrils can be remodeled within these assemblies. Specifically, the helical supercoil can be compressed to allow better packing within the larger supramolecular structure. In this respect, it is worth comparing the values for the coiled-coil pitch derived from the "isolated or free" blunt-ended coiled coil determined by X-ray crystallography and the coiled coils packed within the fibers as determined by cryo-TEM (Fig. S5B ): This is larger for the former, at 143 Å, versus 125.4 Å in the latter; the coiled-coil radius was also reduced between the X-ray crystallography and cryo-TEM structures, from 4.9 to 4.4 Å, but given the lower resolution of the latter we do not interpret this any further. To place the pitch values in a broader context, we calculated the superhelical pitches for a larger, manually validated set (33) of X-ray crystal structures of parallel dimeric coiled coils from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (PDB), culled using the coiled-coil database CC+ (34) and parameterized using the program TWISTER (35) . These are shown in Fig. S5B , where it is clear that the parameters for the SAF X-ray crystal and cryo-TEM structures fall comfortably within the distribution for PDB set, but that the former falls in the upper half and the latter in the lower half of the values. We suggest that this compression in the SAF system is a direct consequence of the coiled-coil fibrils being constrained within the SAFs by the necessity for forming hexagonal packing contacts, with any strain energy being offset by improved interfibril interactions in the fibers. Indeed, the requirement for repeating contacts every 120°necessitates the peptides to repeat three times per pitch, decreasing the pitch and compressing the fibrils during fiber formation. The structural viability of this compressed assembly was confirmed by the aforementioned molecular-dynamics simulations, which showed motions consistent with simple thermal fluctuations about the model structure (Fig. S7) . Thus, the fibrils appear to be remodeled in moving from the X-ray structure, which possibly reflects the situation in a solution of preassembled SAF-peptide heterodimers, through to the assembled, fibrous SAFs.
This coiled-coil remodeling mechanism may also be applicable to the structure of intermediate filaments (IFs). Although it is known that IFs are predominantly coiled coil in structure (36) , their structure within filaments has proven difficult to solve, partly because of structural heterogeneity and the lengths of the molecules thwarting crystallization. However, it is known that IFs undergo a radial compaction stage during assembly (37) . This may reflect the transition from a loose assembly of eight tetramers to a more formal assembly, as the filaments form stronger, more regular contacts between adjacent coiled-coil fibrils. Our results suggest a potential packing regime within the mature fibril, whereby adjacent coiled coils may be held together with salt bridges that repeat with the same frequency as the coiled-coil pitch. Indeed, charge interactions have been proposed to result in staggered coiled-coil alignment in myosin thick filaments when offset by a multiple of a quarter of one pitch (38) .
Finally, the structures and models that we present offer a platform for improved engineering of peptide-based fibrous materials, such as the SAFs, and put us a step closer to realizing their application in bionanotechnology through rational materials design.
Materials and Methods
Peptide Synthesis. Peptides were synthesized by solid-phase peptide synthesis and purified by high-performance liquid chromatography (SI Text).
X-Ray Crystal Structure Determination. Diffraction-quality crystals for the peptides were obtained using standard high-throughput sparse matrix screens, and structure solution was performed using anomalous phasing methods (SI Text). A summary of the refinement and model-building statistics can be found in Table S3 . The refined model and relevant crystallographic data have been deposited in the PDB with accession code 3RA3.
Cryotransmission Electron Microscopy and Tomography. Peptides were prepared as described previously (26) . Samples were frozen and imaged as described in SI Text.
Image Processing. Micrographs of fibers displaying striations were treated as 2D crystals and analyzed using 2dx (28) . Layer and row lines were identified by eye and followed by automatic spot selection and unbending. The contrast transfer function (CTF) modulates the phases of the TEM images based on the amount of defocus and the spherical aberration constant of the objective lens, and was corrected for each image individually. Because the micrographs did not represent identical views of a thin 2D crystal, crystallographic merging of the data was not viable. Therefore, the best images (those with clear reflections and phases out to the highest resolution) were chosen for model refinement. EMAN2 was used to determine the orientation of the processed images and validate the all-atom model (16) . Processed images containing 5 by 2 unit cells were padded into 400-by 400-pixel boxes. An all-atom PDB model containing 19 coiled coils was filtered to 10 Å and converted to Medical Research Council format using e2pdb2mrc.py with a box size of 400 by 400 and pixel size of 0.627 Å to match the processed images. Projections of the model sampled C1 space in 5°increments. Using e2refine.py, micrographs were aligned to the best-matching projection image and identified using e2display.py. Tomographic tilt series were collected using FEI software and processed using IMOD (39) .
Helical Reconstruction. Bessel orders were assigned with prior knowledge of coiled-coil geometry (Fig. S6 A and B) . The helical lattice (Fig. S6 C and D) and Bessel orders of layer lines (Table S4) were assigned and the Burnham Brandeis Helical Package (30) was used to reconstruct the 3D electron density map from an individual CTF-corrected map at 9.5 Å resolution to avoid Bessel function overlap. The map has been deposited in the Electron Microscopy Data Bank with accession code 1995.
Model Building and Fitting. Coiled coils were modeled using MAKECCSC and docked into the 3D map as described in SI Text.
Molecular-Dynamics Simulation. Molecular-dynamics simulations were performed using periodic boundary conditions as an NPT ensemble at 278 K, described further in SI Text.
